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Objectives:We tested mechanical cavopulmonary blood flow assist by incorporating a novel miniature centrif-
ugal pump into a 1½-ventricle type cavopulmonary connection in neonatal pigs.
Methods: Nine 3-week-old piglets (mean body weight, 10.2 kg) were used: mechanical cavopulmonary assist
(n ¼ 6) and controls (n ¼ 3). A bidirectional cavopulmonary connection between the superior vena cava and
the main pulmonary artery was created. The superior vena cava and pulmonary artery were also connected by
cannulas with an interposed centrifugal pump. The cavoarterial mechanical cavopulmonary assist was performed
at pump speeds of 1500, 2000, 2500, and 3000 rpm. Retrograde superior vena caval flowwas limited by a band on
the superior vena cava. A bidirectional cavopulmonary connection was created in the control animals, which then
had a pure 1½-ventricle repair physiology without mechanical support. Hemodynamics, blood gas, and cerebral
blood flow measured by ultrasound were analyzed. Catheter-based dilatation of the surgically created superior
vena cava obstruction was tested.
Results: Incremental increases in pump speed augmented bidirectional cavopulmonary shunt blood flow
(P ¼.03) and diminished superior vena caval pressure (P ¼.03), thereby improving cerebral perfusion pressure.
Pump flow of 3000 rpm was equivalent to baseline superior vena caval flow (before caval flow, 392 48 mL/min
vs MCPA, 371  120 mL/min; mean  SD; P ¼ not significant). The mechanical cavopulmonary assist group
had higher Doppler velocities of the middle cerebral artery and higher transcerebral oxygen difference
(P< .05) than controls. Balloon dilatation of the superior vena cava band was successful.
Conclusions: Mechanical cavopulmonary assist maintained bidirectional cavopulmonary shunt flow, thereby
sustaining primary bilateral cavopulmonary shunt physiology in a neonatal pig model of high pulmonary vascular
resistance. The mechanical cavopulmonary assist maintained cerebral blood flow and metabolism with an ade-
quate transcerebral pressure gradient.
Honjo et al Congenital Heart DiseaseOverall outcomes of patients with hypoplastic left heart syn-
drome have improved over the past 2 decades with advances
in surgical and perioperative therapeutic strategies.1,2 How-
ever, all forms of current stage 1 surgical palliation have an
inherently unstable ‘‘in-parallel’’ circulation. We have hy-
pothesized that this is a cause of early and interim morbidity
and mortality.3-5 ‘‘In-series’’ physiology is established at
the time of the stage II bidirectional cavopulmonary shunt
(BCPS). Morbidity and mortality are diminished with stage
II physiology. One might therefore also hypothesize that sur-
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an in-series palliation with a BCPS in the neonatal or early
infantile period. The first attempt of a primary BCPS in
a 5-week-old infant with hypoplastic left heart syndrome,
by Dr William I. Norwood in 1977, resulted in early death
with progressive desaturation.6 Subsequent series of early
BCPS application in early infancy also showed high mortal-
ity mainly related to severe hypoxemia and pulmonary artery
(PA) thrombosis.7,8
Immaturity of the peripheral pulmonary vasculature and
high pulmonary vascular resistance (PVR) preclude suc-
cessful application of a primary BCPS in neonates and
small infants. Peripheral pulmonary vasculature develops
in the months after birth so that PVR becomes low enough
to create a cavopulmonary connection usually at 5 to 6
months of age. We hypothesized that establishment of a pri-
mary BCPS circulation in neonates might be feasible if the
lungs are assisted by a mechanical pump, thereby overcom-
ing the problems related to pulmonary vascular immaturity.
This proof-of-concept study was designed to test a ‘‘me-
chanical cavopulmonary assist’’ (MCPA) system as a means
to improve forward BCPS flow in the presence of high
PVR, much as is seen in the human neonate. We examinedardiovascular Surgery c Volume 137, Number 2 355




BCPS ¼ bidirectional cavopulmonary shunt
CPB ¼ cardiopulmonary bypass
CPP ¼ cerebral perfusion pressure
JB ¼ jugular bulb
MCA ¼ middle cerebral artery
MCPA ¼ mechanical cavopulmonary assist
NS ¼ not significant
PA ¼ pulmonary artery
PVR ¼ pulmonary vascular resistance
RA ¼ right atrium
SVC ¼ superior vena cava
assisted pulmonary blood flow rates and cerebral blood flow.
As a second component, we sought to demonstrate the pos-
sibility of a catheter-based completion to unassisted BCPS
circulation.
MATERIALS AND METHODS
All experimental protocols were approved by the Animal Care Commit-
tee at the Hospital for Sick Children. Nine 3-week-old pigs (mean body
weight, 10.2 kg) were divided into two groups: the MCPA group (n ¼ 6)
and the control group (n ¼ 3). The animals were premedicated with ket-
amine (20 mg/kg), atropine (0.02 mg/kg), and acepromazine (2 mg/kg)
before endotrachial intubation. Mechanical ventilation (Air-Shields Inc,
Hatboro, Pa) was maintained with a tidal volume of 10 to 15 mL/kg and
50% oxygen and 2% isoflurane. Minor ventilator adjustments were made
to maintain normal blood gas values (partial pressure of carbon dioxide,
35–45 mm Hg; pH, 7.35–7.44). Temperature was maintained at 37C
with a thermal heating pad placed under the animals. The left femoral artery
and vein, the right internal jugular vein, and the jugular bulb (JB) were can-
nulated for pressure monitoring and blood sampling. The heart was exposed
through a median sternotomy and the pericardium suspended. The superior
vena cava (SVC) and main PA were completely mobilized. The bilateral
azygos veins were ligated and divided to mobilize the SVC. Direct left atrial
and distal PA pressures were monitored via 3F catheters. SVC and aortic
blood flow was measured by an ultrasonic flow probe (Transonic Systems,
Ithaca, NY) before surgery.
After systemic heparinization (400 U/kg), a temporary shunt was created
between the SVC and right atrium (RA) with 12F right-angled venous can-
nulas. The SVC was transected at its junction to the RA, and the RA was
oversewn. The main PA was partially clamped, and a transverse incision
was made on the anterior wall of the main PA approximately 1 cm above
the pulmonary ring. The SVC was anastomosed to the main PA in an
end-to-side fashion with 5-0 or 6-0 polypropylene sutures (Ethicon, Inc,
Somerville, NJ) (Figure 1, A). The SVC was anastomosed to the main
PA, as opposed to the right PA, because in pigs the right PA is posterior,
making the anastomosis in that location technically impractical. The final
anatomy was that of a 1½-ventricle repair. The temporary SVC-to-RA shunt
was eliminated after completion of the anastomosis. A 10F arterial cannula
was inserted into the main PA distal to the BCPS anastomosis. The 5 mL–
prime miniature centrifugal pump9 was then connected via the cannulas
placed in the SVC and the distal main PA (Figure 1, B), and MCPAwas ini-
tiated and carried out to a maximum of 2 hours. Retrograde SVC flow
caused by the pump and right ventricular pulsatility was limited by
a band placed on the SVC between the cannula and anastomotic site. A tour-
niquet was initially used and later was replaced by a metal wire band once
hemodynamic stability was achieved (Figure 1, C). Pump initiation without356 The Journal of Thoracic and Cardiovascular Surthe SVC band led to hemodynamic instability related to circular blood flow.
The band tightness was adjusted to the level that yielded systemic hemody-
namic stability, indicating that circular blood flow was now not clinically
significant. A BCPS was created in the control animals under a temporary
shunt as described above. After the anastomosis, the cannulas placed in
the SVC and RA were removed, making a pure 1½-ventricle repair physi-
ology without mechanical support.
The hematocrit value was maintained at a baseline level with supplemen-
tal blood from a donor pig if necessary. In the MCPA group, blood gas and
hemodynamics were analyzed every 10 minutes at pump speeds of 1500,
2000, 2500, and 3000 rpm. The blood gas was analyzed 10 minutes after
BCPS creation in the control group. Centrifugal pump flow was continu-
ously monitored by an ultrasonic flow probe (Transonic Systems, Ithaca,
NY). Finally, an 8F Mullins dilatation catheter (NuMED, Inc, Hopkinton,
NY) was inserted via the right internal jugular vein to the SVC across the
band, and the surgically created obstruction was dilated when the pump
flow was terminated and the SVC cannula was removed.
Evaluation of Cerebral Blood Flow and Metabolism
Cerebral perfusion pressure (CPP) was calculated using the difference
between mean arterial and JB pressures. Transcerebral oxygen and lactate
differences were calculated from arterial and JB partial oxygen pressures
and lactate levels. Peak systolic, diastolic, and mean velocities and velocity
time integral of the right middle cerebral artery (MCA) were measured by
transcranial Doppler ultrasound (Vivid 7; GE Vingmed, Horten, Norway)
using a 5- to 8-MHz probe to estimate cerebral blood flow volume10 at base-
line and 10 minutes after maximal MCPA of 3000 rpm in the MCPA group.
Doppler ultrasound was performed at baseline and 10 minutes after BCPS
creation in the control group.
Statistical Methods
Data are presented as means  standard deviations. Comparisons
between preoperative and postoperative values were performed by the paired
t test. Comparisons of the values between the MCPA and control groups
were performed by Wilcoxon rank–sum test. Changes in hemodynamic
and metabolic parameters were determined by 1-way analysis of variance,
followed by a post hoc test using the Bonferroni multiple comparisons test.
RESULTS
The Effect of Pump Speed on Hemodynamics
and Metabolism
Incremental increases in the centrifugal pump speed aug-
mented BCPS blood flow (P ¼ .03) and diminished SVC
pressure (P¼ .03), thereby improving CPP (P¼ .03) (Table
1). The final pump flow of 3000 rpm was equivalent to the
SVC flow before the procedure (pre-SVC flow, 392  48
mL/min, vs MCPA, 371  120 mL/min; mean  SD; P ¼
not significant [NS]). All MCPA animals were hemodynam-
ically stable, well ventilated, and oxygenated until being
humanely killed 2 hours after pump initiation.
Effects of Mechanical Lung Assist on 1½-Ventricle
Repair Physiology
Hemodynamics, metabolism, and cerebral blood flow pat-
terns were compared between the MCPA group and the con-
trol animals. No statistical differences in baseline parameters
were noted between the groups (Table 2). Comparisons in
hemodynamics and metabolism between the MCPA group
with a pump speed of 3000 rpm and the control group aregery c February 2009
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DFIGURE 1. A, Creation of BCPS under a temporary shunt. The main PA was partially clamped and the SVC was anastomosed to the PA in an end-to-side
fashion. B, Miniature centrifugal pump assist after BCPS completion. A band was placed around the SVC distal to the cannula to prevent retrograde flow. The
temporary SVC–RA shunt was removed. C, Angiogram of the SVC after BCPS anastomosis. An SVC band (arrow) allows minimal retrograde blood flow. D,
Balloon dilatation of the banded SVC. E, Restoration of BCPS circulation. No stenosis remained at the banded region (arrow). There is evidence of some
stenosis at the anastomotic site, which is technical in nature.shown in Table 3. Mean blood pressure was lower in the
control group but was not statistically significant. Control
animals had higher SVC (P ¼ .0014) and JB pressures
(P¼ .0008). In contrast, theMCPAgroupmaintained a higher
PaO2 (P ¼ .04) and mixed venous saturation (P< .0001)
whereas lactate in this group remained lower (P ¼ .012)
compared with control animals. Pump flow in the MCPA
group was higher than the SVC flow in the control group
(P ¼ .0054).
Cerebral Blood Flow and Metabolism
No statistical differences in the baseline MCA flow veloc-
ities and velocity time integral, and transcerebral oxygen and
lactate levels were noted between the two groups (P ¼ NS).
Transcranial Doppler ultrasound measurement showed per-
sistence of baseline MCA velocities and velocity time inte-
gral in the MCPA group in contrast to a decrease in theseThe Journal of Thoracic and Cvalues in control animals (Figure 2). Reduction in the MCA
flow velocity in the control group was largest in diastole.
CPP was equivalent to baseline in the MCPA group ver-
sus a reduction in CPP in the control animals (P< .001)
(Table 4). Similarly, transcerebral oxygen difference was
comparable with baseline in the MCPA group but lower in
the control animals (P< .0001). No difference in the trans-
cerebral lactate levels was detected among the groups.
Clinical demonstration of a possible conversion to unas-
sisted SVC flow via a percutaneous method was shown
with successful balloon dilatation of the SVC band (Figure 1,
C, D, and E).
All 6 animals in the MCPA group maintained hemody-
namic stability throughout the study period, whereas all 3
control animals died within 20 minutes of BCPS creation.
Two of the control animals had progressive hypotension
and subsequent cardiac arrest and the third pig had refractoryTABLE 1. Hemodynamic and blood gas parameters in MCPA animals at 4 different pump speeds
1500 rpm 2000 rpm 2500 rpm 3000 rpm P value
BCPS flow (mL/min) 147  63 233  80 325  100 370  120* .03*
Heart rate (beats/min) 131  38 126  33 127  32 117  27 NS
MAP (mm Hg) 40.0  4.6 40.3  4.8 40.2  4.5 41  4.1 NS
SVCp (mm Hg) 14.0  1.8 11.5  3.1 7.3  6.0* 5.5  3.7* .03*
JBP (mm Hg) 13.5  2.3 11.5  2.3 10  2.4 9.25  2.2 NS
CPP (mm Hg) 26.5  4.5 27.0  5.2 30.2  5.6 38.3  12.2* .03*
mPAP (mm Hg) 21.3  8.5 21.0  7.6 19.3  6.2 18.5  4.6 NS
LAP (mm Hg) 6.0  8.0 6.2  7.8 6.2  7.8 6.7  7.5 NS
pH 7.38  0.03 7.39  0.03 7.39  0.04 7.41  0.06 NS
PaCO2 (mm Hg) 39.8  0.8 39.9  1.7 38.8  2.1 36.7  3.1 NS
PaO2 (mm Hg) 357.3  31.5 356.7  36.6 351.3  20.9 336.0  33.8 NS
Lactate (mmol/L) 4.1  1.7 3.9  1.1 3.5  0.9 3.1  0.8 NS
Values expressed as means  SD. MCPA, Mechanical cavopulmonary assist; BCPS, bidirectional cavopulmonary shunt; MAP, mean arterial pressure; SVCp, superior vena cava
pressure; JBP, jugular bulb pressure; CPP, cerebral perfusion pressure, mPAP, mean pulmonary artery pressure; LAP, left atrial pressure; NS, not significant. *P< .05 compared
with 1500 rpm.ardiovascular Surgery c Volume 137, Number 2 357
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ration.
DISCUSSION
Creation of a primary BCPS in patients with hypoplastic
left heart syndrome is intriguing because it would provide
a more stable in-series circulation. Those who have attemp-
ted a BCPS in very young infants have reported severe hyp-
oxemia, PA thrombosis, and high mortality and morbidity
owing to pulmonary vascular immaturity.7,8 We hypothe-
sized that the previously noted problems could be overcome
with mechanical assistance. The present study demonstrates
that mechanical support with a miniature centrifugal pump
can normalize SVC flow in the presence of elevated PA pres-
sures caused by the pulsatility of a 1½-ventricle configura-
tion and neonatal pig physiology. Intrinsic instability
issues with pigs and cardiopulmonary bypass (CPB) limited
our ability to duplicate a neonatal BCPS. This model con-
tains the essential components of relatively high PVR and
neonatal physiology but allows the procedure to be per-
formed without CPB. With MCPA, normal SVC pressures,
ventilation, and oxygenation were achieved. Hemodynamic
and metabolic stability were maintained. Finally, MCPA
also sustained low SVC and JB pressures and normal arterial
pressure, allowing for preservation of normal cerebral blood
flow. The control animals allow demonstration that the
pump provided effective support to overcome high PVR.
The physiology of the control animals, however, is different
from that of a neonatal single ventricle with a BCPS.
The implications of this proof-of-concept study are that
the need for an in-parallel neonatal circulation might be
TABLE 2. Baseline parameters between MCPA and control group
MCPA group (n ¼ 6) Control (n ¼ 3) P value
Body weight (kg) 10.1  1.1 10.3  1.5 NS
Heart rate (beats/min) 125  13 130  15 NS
MAP (mm Hg) 46.3  2.6 55.3  1.8 NS
SVCp (mm Hg) 7.2  3.2 5.6  1.6 NS
JBP (mm Hg) 9.2  1.3 7.0  2.6 NS
CPP (mm Hg) 37.5  3.9 45.2  3.1 NS
mPAP (mm Hg) 16.2  1.6 17.7  1.8 NS
LAP (mm Hg) 3.7  0.3 4.3  0.3 NS
PVR (Wood units) 11.9  3.7 13.1  3.4 NS
pH 7.43  0.02 7.46  0.02 NS
PaCO2 (mm Hg) 39.9  1.2 38.1  3.1 NS
PaO2 (mm Hg) 260  23 301  30 NS
Lactate (mmol/L) 1.7  0.4 1.8  0.3 NS
SVC flow (mL/min) 392  48 506  56 NS
Aortic flow 882  69 943  20 NS
Hemoglobin (g/dL) 8.5  0.12 8.5  0.21 NS
Values expressed as means  SD. MCPA, Mechanical cavopulmonary assist; MAP,
mean arterial pressure; SVCp, superior vena cava pressure; JBP, jugular bulb pressure;
CPP, cerebral perfusion pressure, mPAP, mean pulmonary artery pressure; LAP, left
atrial pressure; PVR, peripheral vascular resistance; SVC, superior vena cava; NS,
not significant.358 The Journal of Thoracic and Cardiovascular Seliminated. A lung circulatory assist device would need to
be used for the duration required to achieve adequate lung
maturation—potentially weeks to several months. The con-
cept of multiple months’ mechanical circulatory assist for
young infants has already been established for failing
hearts,11,12 indicating that the possibility of an appropriately
designed mechanical circulatory assist of BCPS blood flow
to the lungs might be achieved. Once adequate lung matura-
tion has been achieved, explantation of the system could oc-
cur along with percutaneous relief of the surgically created
SVC–PA junction obstruction. Further studies focusing on
thrombotic problems, chronic lung maturation, and pump re-
liability using a long-term model remain to be performed.
Impairment of cerebral perfusion and metabolism caused
by relative venous hypertension is one of the major concerns
associated with BCPS creation in infants with high PVR and
PA pressure. In the control group, BCPS creation resulted in
severe impairment of the MCA blood flow patterns, espe-
cially in diastole. This phenomenon was previously docu-
mented in a clinical attempt of BCPS creation using
a simple clamping technique. In this strategy, diastolic
flow disappeared as the brain lost an effective transcerebral
pressure gradient as a result of high SVC pressures.13 Of in-
terest, brain metabolism in the control group appeared to be
maintained on the basis of transcerebral oxygen and lactate
differences despite the significant drop in cerebral blood
flow 10 minutes after BCPS creation, presumably owing
to metabolic reserve of the brain for acute hypoperfusion.
On the other hand, MCPA effectively maintained normal ce-
rebral perfusion and metabolism by decompressing SVC
pressure and by keeping an effective transcerebral pressure
TABLE 3. Hemodynamic and metabolic comparisons betweenMCPA
(pump speed, 3000 rpm) and control group
MCPA (3000 rpm)
(n ¼ 6) Control (n ¼ 3) P value
Heart rate (beats/min) 128  25 152  18 NS
MAP (mm Hg) 47  11 34  9 NS
SVCp (mm Hg) 6.6  3.6 20.3  4.1* 0.0014*
JBP (mm Hg) 9.3  1.7 17.3  2.5* 0.0008*
CVP (mm Hg) 5.8  2.6 6.1  4 NS
mPAP (mm Hg) 16.2  1.6 17.7  1.8 NS
LAP (mm Hg) 3.7  0.3 4.3  0.3 NS
pH 7.38  0.07 7.35  0.05 NS
PaCO2 (mm Hg) 40.3  6.3 38.6  1.5 NS
PaO2 (mm Hg) 324  35 209  136* 0.04*
SaO2 (%) 99.5  0.5 96  5.2 NS
SvO2 (%) 83.8  2.5 41.9  9.4* <0.0001*
Lactate (mmol/L) 3.1  0.6 6.0  1.9* 0.012*
BCPS flow (mL/min) 427  155 58  22* 0.0054*
Values expressed as means  SD. MCPA, Mechanical cavopulmonary assist; MAP,
mean arterial pressure; SVCp, superior vena cava pressure; JBP, jugular bulb pressure;
CVP, central venous pressure,mPAP,mean pulmonary artery pressure; LAP, left atrial
pressure; BCPS, bidirectional cavopulmonary shunt. *P< .05 compared with MCPA
group.urgery c February 2009
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DFIGURE 2. Transcranial Doppler ultrasound flow velocities in the middle cerebral arteries of the MCPA group and the control group compared with the
baseline value. Values expressed as means  SD. *<.01 compared with the MCPA group; {<.01 compared with the baseline value.gradient. This is an important piece of information. MCPA
for a BCPS maintains normal cerebral blood flow, thus al-
lowing a further exploration of multiple months’ mechanical
assist while waiting for adequate lung maturation.
An animal model of 1½-ventricle repair physiology rather
than a single ventricle physiology was used in this study. We
previously created a single left ventricle model by creating
a large intra-atrial communication, resecting tricuspid valve
leaflets, and occluding the main PA. A BCPS served as the
pulmonary blood flow source. This original study essentially
showed that the MCPA augmented survival and improved
oxygenation and ventilation.14 However, the major limita-
tions of the study were the significant deterioration of sys-
temic metabolism characterized by high lactate, low pH,
and requirements for substantial volume infusion even with
the pump assist. Neonatal pigs are generally vulnerable to
CPB exposure, which can produce severe pulmonary hyper-
tension associated with capillary leak and hemodynamic and
metabolic deterioration.15 These issues limited our ability to
investigate delicate changes in cerebral perfusion andmetab-
olism. Therefore, we moved to a model that allowed us to
study components of the physiology. In this instance it was
cerebral metabolism and perfusion. In the previous study it
was the component of ventilation and oxygenation. Because
a nonpump technique was used, the 1½-ventricle repair
physiology model allowed accurate investigation of the
impact of BCPS and MCPA on pulmonary and cerebral per-fusion. Despite the avoidance of CPB, the failure rate before
reaching data acquisition or completing the surgical compo-
nent of the procedurewas as high as 50%. This was primarily
due to the intolerance of the neonatal pig to anesthesia and/or
cardiac manipulation. Nevertheless, the utility of this model
was sufficient to test the ability to assist blood flow in the
upper venous system to the lungs and to evaluate the effects
of theMCPA system on pulmonary and cerebral perfusion in
the presence of a very high PVR.
We used a novel miniature centrifugal pump with a prim-
ing volume of 5 mL and a flow range of 0.1 to 4.0 L/min.9,16
The flexible pump flow range and small surface area are ad-
vantageous when considering mechanical assist in growing
small infants. A miniaturized axial flow pump, similar to
the Impella system,17,18 would be an alternative option to
support BCPS physiology. A small axial flow pump might
be directly inserted into the SVC, which would be ideal to
achieve nonoperative explantation. At present, a small axial
flow pump that could be inserted into the SVC in small in-
fants does not exist. There remains some room to investigate
which type of pump is best for incorporation into an MCPA
system. Further animal studies along with the development
of small mechanical pumps are warranted.
The strategy of primary in-series palliation with MCPA in
the neonatal period might be enhanced if the normal matura-
tion process of the lungs could be accelerated. Exposure
to the mechanical pump and the related risks, such asTABLE 4. Comparisons of cerebral blood flow and metabolism between baseline and after BCPS creation with or without MCPA
Baseline MCPA Control P value
CPP (mm Hg) 45.6  8.3 38.3  12.3 20.1  8.1*y <.001
O2 A-V difference (mm Hg) 234.5  17.7 244.6  20 81.6  91.8*y <.0001
Lactate A-V difference (mmol/L) 0.27  0.72 0.13  0.1 0.2  0.17 NS
BCPS, Bidirectional cavopulmonary shunt; MCPA, mechanical cavopulmonary assist; CPP, cerebral perfusion pressure; A-V, atriovenous. *P< .05 compared with baseline.
yP< .05 compared with MCPA group.
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be minimized if the maturation period were shortened. We
have reported that both unfractionated and low molecular
weight heparin accelerate pulmonary vascular maturation
in neonatal rabbits by 250% and that this was characterized
by significantly lower PA pressure at 2 weeks of age.19 Fur-
ther development of this ‘‘chemo-mechanical lung assist’’
strategy might facilitate a paradigm shift in the surgical treat-
ment of hypoplastic left heart syndrome. Many issues re-
main to be explored before this strategy can be applied
clinically.
Study Limitations
There are certain limitations in this study. First, this is not
a true cyanotic single ventricle model, but rather a high PVR
cavopulmonary shunt model. Therefore, this study provided
little data regarding the effects of MCPA on systemic hemo-
dynamic, metabolism, and oxygenation and ventilation in
a functional single ventricle physiology. Second, the short
duration of the study provided little data regarding the pos-
sibility of long-term cavopulmonary assist using this type
of system. A long-term study will be required to focus on,
among other factors, anticoagulation, thrombosis, and
pump sustainability. Third, the banded SVC, which was suc-
cessfully dilated with a balloon catheter, may not be so sim-
ply dilated after long-term mechanical assist. Finally, the
band placed on the SVC prevented circular flow from the
PA to the SVC in the MCPA group. It also prevented retro-
grade flow in the SVC from right ventricular ejection. Be-
cause this is a 1½-ventricle model, the control animals
would have had retrograde flow in the SVC during right ven-
tricular ejection. As such, the control animals’ cerebral phys-
iology would be different from a single ventricle model of
a high PVR cavopulmonary connection.
CONCLUSIONS
MCPA maintained BCPS flow, thereby sustaining the
1½-ventricle repair physiology with reasonable systemic
hemodynamics and metabolism in neonatal pigs. This ap-
proach also maintained cerebral blood flow and metabolism
by efficiently decompressing SVC pressure and maintaining
an adequate transcerebral pressure gradient. This study con-
ceptually raises the possibility of a primary BCPS creation in
neonates with the aid of MCPA followed by catheter-based
explantation of the pump system.
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Discussion
Dr William Gaynor (Philadelphia, Pa). Why did you use the
1½-ventricle model? Why not ligate the main PA? In your no—as-
sist group the PA is not banded, thus the right ventricle is able to
eject and you are going to have a high SVC pressure. Basically,
by banding the assist group you are just looking at a pump decom-
pression of the SVC. It does not seem like a fair comparison of the
two groups.Why not clamp the main PA and look at a pure superior
cavopulmonary connection model rather than a 1½-ventricle
model?
Dr Honjo. Thank you for your question. There are a couple
of reasons why we used this model. The advantage of thisrgery c February 2009
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Dmodel is that we can actually separate the cerebral circulation
from the systemic circulation, looking at the effect of the
pump system on the cerebral circulation and the metabolism.
However, the disadvantage, as you mentioned, is that this is
not a single ventricle model, meaning this is not a cyanotic
model. We cannot compare the systemic oxygenation or ventila-
tion. We have actually done the single ventricle model in which
we created the single left ventricle under CPB with a cavopulmo-
nary shunt as the primary blood source. That essentially showed
that mechanical support extended the survival and also improved
carbon dioxide exchange and oxygenation. However, because
we had to use CPB, which deteriorates the systemic metabolism,
that is not a good model to compare the cerebral perfusion in
a fine way. That is why in this particular study we used this
model.The Journal of Thoracic and CDr Y. Joseph Woo (Philadelphia, Pa). With the way you dis-
played your model, depending on the flow rate that you establish
within your pump, you could establish some degree of a closed
loop circulation. How did you titrate how tightly to band the
SVC to prevent such a closed loop circulation?
Dr Honjo. That is a very good question. This SVC band is very
tight, because we do not want retrograde flow getting into the pump
system, which makes a noneffective circulation. We do not want to
occlude the SVC because we would eventually use it for a cavopul-
monary shunt. However, this SVC band that we use is very tight.
This is one of the disadvantages of using this pump system. Actu-
ally, if you use a different pump system, like a small axial pump,
you can insert it into the SVC, and we do not need such a band.
It might be beneficial, but we do not have a pump small enough
to be inserted into the SVC.ardiovascular Surgery c Volume 137, Number 2 361
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